Structure analyses of underivatized neutral lacto oligosaccharides are systematically performed by ultraviolet matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (UV-MALDI TOF MS) and UV-MALDI ion-trap time-of-flight mass spectrometry (ion-trap/TOF MS) acquired in negative-ion mode. Interestingly, their fragmentation significantly differ each other. In postsource decay (PSD) in UV-MALDI TOF MS, cross-ring cleavage at the reducing terminal predominates. On the other hand, glycosyl bond cleavage (C-type fragmentation) takes place preferentially in collision induced dissociation (CID) in UV-MALDI ion-trap/TOF MS. The cross-ring cleavage in PSD similar to that in in-source decay occurs via a prompt reaction path characteristic of the UV-MALDI process itself. The product ion spectra of UV-MALDI ion-trap/ TOF MS are similar to the electrospray ionization (ESI) ion-trap or quadrupole/TOF CID product ion spectra. During ion-trap/TOF MS experiments, the deprotonated molecular ions survive for several tens of milliseconds after CID event because the high internal energy chlorinated precursor ions are cooled by collisional cooling in the ion trap. The results obtained suggest that the PSD from the chlorinated precursor ion in UV-MALDI TOF MS might proceed as a two-step reaction; in the first, a high internal energy deprotonated molecular ion is generated as a reaction intermediate during the flight in the drift tube, and in the second, the rapid decomposition from the deprotonated molecular ion takes place. . In UV matrix-assisted laser desorption/ionization mass spectrometry (UV-MALDI MS) of neutral oligosaccharides, positively charged ions are detected as cation adduct ions rather than as protonated ions. Under common measurement conditions, employing a matrix of 2,5-dihydroxybenzoic acid (DHBA), a sodiated molecular ion [M ϩ Na] ϩ is preferentially observed in positive-ion UV-MALDI mass spectra of neutral oligosaccharides [3] .
S
tructural analyses of carbohydrates and oligosaccharides are performed by mass spectrometry [1] . With the appropriate ionization methods and type of MS instrument, fragment ions, whose various kinds of decomposition are known, can provide structural information in product ion spectra [2] . In UV matrix-assisted laser desorption/ionization mass spectrometry (UV-MALDI MS) of neutral oligosaccharides, positively charged ions are detected as cation adduct ions rather than as protonated ions. Under common measurement conditions, employing a matrix of 2,5-dihydroxybenzoic acid (DHBA), a sodiated molecular ion [M ϩ Na] ϩ is preferentially observed in positive-ion UV-MALDI mass spectra of neutral oligosaccharides [3] .
Conventionally, UV-MALDI is combined with time-offlight mass spectrometry (TOF-MS); a structural analysis can be performed using postsource decay (PSD) ions produced by spontaneous decay during the time of flight of metastable ions generated by laser irradiation [4] . In the PSD of oligosaccharides, glycosyl bond cleavage ions (Yand B-type fragment; Domon and Costello nomenclature [5] ) are generally observed from a sodiated precursor ion [M ϩ Na] ϩ in the positive-ion UV-MALDI PSD spectra [6] . Cross-ring cleavage ions are observed, however, and their relative abundance tends to be low [7, 8] . In our previous study, these ions were generated from ␤1-4 linked N-acetyl glucosamine residue (GlcNAc) at the reducing terminal in Lewis X trisaccharide, but they were not generated from the terminal glucose (Glc) in 3-fucosyl lactose [9] . Positive-ion UV-MALDI TOF MS measurements yield information about molecular weights and sugar sequences. In electrospray ionization MS analysis of positively charged ion detection, Y-and B-type fragment ions are predominant in the low-energy collisioninduced dissociation (CID) MS/MS spectra [10] , which is very similar to the UV-MALDI PSD spectra of neutral oligosaccharides.
Recently, structure analyses of neutral lactooligosaccharides, including many branching and linkage isomers, were performed by negative-ion ESI-MS techniques using low-energy CID-MS/MS spectra acquired by quadrupole time-of-flight (Q-TOF) MS and ion-trap MS instruments, which showed the sequential C-type ions produced by glycosyl bond cleavage and linkage dependent product ions [11, 12] . On the other hand, we studied the decomposition of ions originating from neutral oligosaccharides by means of UV-MALDI MS in negatively charged ion detection [13] . Negative-ion mode measurements of neutral oligosaccharides in UV-MALDI TOF MS have been rarely achieved [14 -17] . Until now, it was difficult to detect deprotonated molecular ions of neutral oligosac-charides without ␤-carbolines as a matrix [16, 17] . In the linear-mode of UV-MALDI TOF MS in negatively charged ion measurements, we invariably detected the cross-ring cleavage ions in large abundance [13] . These cross-ring cleavage ions were very informative for analysis of the glycosyl bond type. We could acquire the PSD spectra from a stable, chlorinated precursor ion [M ϩ Cl] Ϫ , and the PSD spectra of the linear oligosaccharides showed a spectra similar to the ISD ones; the cross-ring cleavage ions predominated, rather than the glycosyl bond cleavage fragment ions. These trends in the UV-MALDI PSD spectra differ greatly from those in the ESI low-energy CID product ion spectra in the negative-ion MS measurements.
Here, we focus our attention on these differences between UV-MALDI PSD and ESI CID product ion spectra in negatively charged ion detection, in an attempt to study the characteristics of the UV-MALDI PSD of neutral oligosaccharides. We also compare them with UV-MALDI CID product ion spectra acquired by ion-trap time-offlight (ion-trap/TOF) mass spectrometry [18] . In addition, we demonstrate the usefulness of UV-MALDI PSD measurements in negatively charged ion detection for the structural analysis of branching and linkage isomeric lactooligosaccharides.
Experiments

Samples
Scheme of analyte sugar structures are listed in Table 1 . All analytes were purchased from Sigma (St. Louis, MO). Analytes were dissolved in Milli-Q (Millipore Co., Billerica, MA) water at a final concentration of 1.5 mg/mL.
7-methoxy-1-methyl-9H-pyrido [3,4-b] indole (harmine) was used as a matrix and dissolved in methanol at the concentration of 10 mg/mL. One hundred mM ammonium chloride aqueous solution was used as an additive. Mixed crystal of sample and matrix on target was prepared by sandwich method described in [19] ; 0.5 L aliquot of matrix solution is deposited on the target plate and dried to matrix layer. Then, 0.5 L aliquots of sample solution and NH 4 Cl additive were deposited successively. After another aliquot of matrix solution was deposited, the target plate was dried up completely.
Mass Spectrometry
The PSD spectra of UV-MALDI TOF MS were acquired with an AXIMA-CFR instrument (Shimadzu-Kratos Corp., Kyoto, Japan) equipped with a pulsed N 2 laser (337 nm). Each spectrum was measured at an acceleration energy of 20 kV using pulsed delayed extraction for canceling dispersive initial velocity and broad kinetic energy of the ions. Each spectrum represents an average of 100 laser shots.
All UV-MALDI CID product ion spectra were acquired by a ion-trap/TOF MS of AXIMA QIT-TOF instrument (Shimadzu-Kratos Corp.) equipped with a pulsed N 2 laser (337 nm). Helium gas was injected in the ion-trap cell at the laser irradiation and the ion trapping for collisional cooling according to the instrument system's procedure. Argon gas was injected at the collision-induced dissociation of the ions and the exciting voltage was charged.
Results and Discussion
The PSD spectra and product ion spectra of neutral oligosaccharides were measured by negative-ion mode from the chlorinated molecular ion [M ϩ Cl] Ϫ using UV-MALDI TOF and ion-trap/TOF MS. All PSD and product ions were detected as deprotonated ions.
PSD Spectra of UV-MALDI TOF MS
LNT and LNnT. Figure 1 shows the PSD spectra of lacto N-tetraose (LNT), and lacto N-neotetraose (LNnT) obtained from the chlorinated molecular ion [ A among the cross-ring cleavage ions at the reducing terminal and the observation of the B-type ion at m/z 526 suggest that the reducing terminal glucose binds by 1-4 glycosyl bond. The cross-ring cleavage ions were also 
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detected from the 4-linked Glc at the reducing terminal in the negative-ion fast-atom bombardment mass spectra (FAB-MS), [20] and in the in-source decay spectra of negative-ion UV-MALDI TOF MS [13] . We discussed the relative abundance of the cross-ring cleavage ions as a means of identifying the glycosyl bond types in our previous paper [13] . The PSD spectral patterns of LNT and LNnT in the cross-ring cleavage ions at the reducing terminal are consistent with those of ␤1-4 linked oligosaccharides.
The PSD ion signals at m/z 544 (C 3 ), m/z 382 (C 2 ), and m/z 179 (C 1 ) are C-type fragment ions produced by glycosyl bond cleavage. In the PSD spectra, these C-type ions are much less abundant than the A-type fragment ions and do not play a major role. Since the PSD ions at m/z 382 are produced by the glycosyl bond cleavage at the amino sugar residue of GlcNAc, the ions of that m/z value are exceptionally abundant [21, 22] . The double cleavage ions at m/z 202 are also plentiful because of the amino sugar cleavage and the ␤-elimination at the C-3 position of GlcNAc. Since the acetoamido group binds to the C-2 position of GlcNAc, which adjoins the anomeric (C-1) and C-3, it promotes this the fragmentation at the C-1 and C-3 positions of GlcNAc.
The compounds LNT and LNnT are linkage isomers; the non-reducing terminal Gal binds to GlcNAc via the ␤1-3 linkage in LNT, and the ␤1-4 linkage in LNnT. These isomeric lactotetraoses are distinguished by their PSD spectra. The PSD ions at m/z 202 are detected only in the spectrum of LNT, not in the spectrum of LNnT ( Figure 1) ; the PSD ions are generated by a double cleavage of the glycosyl bonds (C 2 /Z 3 ). The ␤-elimination occurs at the C-3 position of GlcNAc specifically at 1-3 linkages (Z-type fragmentation), and the glycosyl bond between GlcNAc and Gal cleaves at the GlcNAc side (C-type fragmentation). The PSD spectrum of LNnT shows a 0,2 A cross-ring cleavage at the 4-linked GlcNAc and a subsequent dehydration; that is, PSD ion signals [M Ϫ anGlc 2 Ϫ 0,2
Ϫ at m/z 263 are observed. These ions are characteristic of the presence of a ␤1-4 linked GlcNAc residue in which the C-3 position is not occupied. Such linkage-dependent fragmentations also appear in the negative-ion ESI-CID product ion spectra of LNT and LNnT [11, 12] , where they enable us to identify the structure of lactooligosaccharides.
PSD Spectra of Lactooligosaccharides
The PSD of lactooligosaccharides depends on their structures, and common PSD fragments are generated by the analytes with the same structural units. The Z-type fragmentation at 3-linked GlcNAc occurs in the PSD of all analytes. Here, the double cleavage of the C-and Z-types (C/Z-type fragmentation) is also useful to elucidate the structures. Therefore, a systematic structural analysis of the lactooligosaccharides can be performed by this technique. For example, as shown in Figure 2 , three isomers of the mono-fucosyl lactopentaoses of LNFP-I, -II, and -III can be identified from their C-type ion and double cleavage ions C 2 /Z 3 because the fucose binding site in each of the isomers is different (see the structures in Table 1 ). Since the fucosyl bond rarely cleaves in negative-ion mode experiments without a Z-type fragmentation at the 3-linked GlcNAc, LNFP-I and LNFP-II can be distinguished.
The cross-ring cleavage of the 4-linked glucose takes place at the reducing terminal of lactooligosaccharides, and, as indicated in Figures 1 and 2 , their PSD ions predominate in the spectra. All the spectral data are summarized in Table 2 . The relative ion abundances are shown as percentage (%) normalized to the highest ion signal among PSD or product ions. The relative abundance of the cross-ring cleavage ions is presented on the right side of the dotted lines in Table 2 . Their total amount is much higher than those of the other ions on the left side in Table 2 , as is apparent from the data row of an analyte in the PSD spectra results. This abundance is characteristic of the PSD ions. Surprisingly, no cross-ring cleavage ions are observed from the PSD spectrum of LNDFH-II ( Figure  3) ; as shown in Table 1 , not only the C-4 but also the C-3 positions in the reducing terminal glucose are occupied by galactose and fucose residues in the structure of LNDFH-II. From that result, we can easily distinguish between LNDFH-I and -II.
The C-type fragment ions are also observed, but their abundances are so low that C-type fragmentation must progress poorly, except for the C-type ions originating from the cleavage of the amino sugar glycosyl bond as described in the lactotetraoses. The PSD spectra might be less informative for the C-type fragmentation for just the sequence of the sugar residues; however, the positive-ion mode PSD spectra, which showed the sequential fragment ions produced by the glycosyl bond cleavage (Y-, B-, and C-type fragmentation) [6] , can compensate for the ambiguous and insufficient sequential information in the negative-ion PSD analysis. Harmine works as an effective matrix both in the positive-and the negative-ion mode UV-MALDI MS of neutral oligosaccharides [16] . Therefore, the PSD analyses of oligosaccharides by both positive-and negative-ion mode measurements provide sufficient information for a systematic structural analysis.
CID Product Ion Spectra of Ion-Trap/TOF MS
LNT and LNnT. Figure 4 shows the product ion spectra of LNT and LNnT from the chlorinated pre-
taken by UV-MALDI ion-trap/TOF MS. The deprotonated ion [M Ϫ H]
Ϫ at m/z 706 is clearly observable, thus differing from the PSD spectra (Figure 1 ). The C-type fragment ions at m/z 544 (C 3 ) and m/z 382 (C 2 ) are present in high abundance and their relative ion abundances are much higher than those of the cross-ring cleavage ions from the reducing terminal (Figure 4) . In addition, we observed the cross-ring cleavage ion 0,2 A 4 at m/z 646 and the ion ( 0,2 A 2 Ϫ H 2 O) at m/z 628, rather than the ion 2,4 A 4 at m/z 586, which dominated in the PSD spectra. These results differ significantly from those seen in the PSD spectra.
The linkage-dependent fragment ions commonly appear both in the PSD and CID product ion spectra. The A ion from 4-linked GlcNAc at m/z 263 are noted in the spectra of LNnT. Thus, the UV-MALDI CID-MS/MS spectra produced by ion-trap/ TOF MS are useful for the structure identification of the isomeric oligosaccharides.
CID Product Ion Spectra of Lactooligosaccharides
A systematic identification of the structure of lactooligosaccharides was also carried out through a CID product ion analysis of ion-trap/TOF MS. The spectral patterns of the product ion spectra are similar to those of the ESI CID product ion spectra generated by Q-TOF and ion-trap mass spectrometry [11, 12] . There are two points of interest with regard to the characteristics of the product ion spectra taken by ion-trap/TOF MS. The first is that the sequential C-type ions predominate. The second is that the cross-ring cleavage ions from the reducing terminal are sparse, as described for LNT and LNnT (Figures 1 and 4) . Figure 5 shows the difference between the PSD and CID product ion spectra of LNT and LNnT. The red dotted lines show the predominant PSD ions; the blue dotted lines indicate the most common CID product ions in their spectra. The total amounts of the cross-ring cleavage ion abundances on the right side of the dotted lines of the CID product ion data in Table 2 are much lower than those of the left side product ions, as seen in the row of data for an analyte in Table 2 . In addition, the deprotonated molecule
Ϫ is clearly observed in the CID product ion spectra of all analytes, a finding that differs from the PSD spectra results. These two points, pertaining to the characteristics of the CID product ion spectra and to the observation of deprotonated molecules, mark the differences between the CID product ion spectra and the PSD spectra.
To study the difference between the CID product ion spectra and the PSD spectra, we considered that the relative abundances of the three cross-ring cleavage ions from the reducing terminal A ions in the proposed fragmentation mechanism [20, 23] . Thus, we expected that the PSD ions would be more decomposed than the CID product ions from ion-trap/TOF MS.
On the other hand, there are common fragmentations found in both the PSD and CID product ion spectra of ion-trap/TOF MS. The 0,2 A cross-ring cleavage ion species originates in a 4-linked GlcNAc whose C-3 position is not occupied, for instance, the ions 0,2 A 2 , and 0,2 A 2 Ϫ H 2 O appear in the spectrum of LNnT. A double cleavage of the glycosyl bonds around the GlcNAc, of both the C-and Z-type fragmentations (C/Z), occurred at the 3-linked GlcNAc; as an example, the ion C 2 /Z 3 is present in the spectrum of LNT. These structurally dependent fragmentations in the CID of ion-trap/TOF MS also enable us to identify the structure of the lactooligosaccharides.
Collisional Cooling of Excited Analyte Molecular Ions in UV-MALDI
In laser desorption, solid-phase molecules irradiated by laser are rapidly heated and sublimed. Simultaneously, the molecules are highly excited vibrationally and ionized [24, 25] . UV-MALDI ionization is a laser desorption/ ionization assisted by a "matrix" that is a compound with an absorption band at the ionization laser frequency [26, 27] . When the mixed crystal is laser-irradiated, the matrix molecules absorb the laser photons and reach an electronic excited state. Both the matrix and sample molecules are heated rapidly, and sublime. The analyte ions have received high internal energy from the excited matrix molecules; at the point of ionization, their internal energy is generally high and broadly distributed.
In the positive-ion UV-MALDI TOF MS, the cationated oligosaccharide ions are stable enough to survive during the flight in the drift region. When the analytes are irradiated by strong laser power, some of them decompose spontaneously during the flight in the drift region (PSD). The cationated oligosaccharide ions such as [M ϩ Na] ϩ found in positive-ion UV-MALDI and their PSD spectra show Y-and B-type fragment ions from glycosyl bond cleavage. These PSD spectra are very similar to the low-energy CID spectra of oligosaccharides in ESI-MS. So, it has been thought that UV-MALDI PSD and the lowenergy CID in ESI MS is the nearly same decomposition.
On the other hand, the deprotonated molecular ions of oligosaccharides in UV-MALDI MS acquired by negativeion mode decompose during the ionization process, and their fragment ions are detected in linear-mode UV-MALDI TOFMS even though the laser irradiation strength is around threshold. This is because the deprotonated molecular ions of neutral oligosaccharides are unstable, and the UV-MALDI process can inject highly excited energy to the analyte molecules. So, in-source decay (ISD) occurs in negative-ion UV-MALDI TOF MS [13] . These ISD ions are mainly produced by cross-ring cleavage at the reducing terminal of the oligosaccharides. The phenomena do not occur in soft ionization of ES process without using unusual high capillary-skimmer voltages, which induce hard collisions in ES ionization process in low pressure region of the ES ion-source [28] .
Since the PSD spectra of neutral oligosaccharides from chlorinated molecular ions are similar to the ISD spectra of negative-ion UV-MALDI TOFMS, the final PSD spectra we obtained are resulted in the very rapid decomposition from the "hot" or vibrationally exited deprotonated mo-
, which is generated from the stable chlorinated molecular ion [M ϩ Cl] Ϫ during PSD time scale (see Scheme 1). From a consideration of the process, we can make the following hypothesis concerning PSD: the excitation of the matrix molecules by laser irradiation and the resulting broad distribution of high internal energy of the analyte molecule ions are responsible for the prompt decomposition of oligosaccharide molecules. Since, as we have already seen, the analyte molecules ionized by UV-MALDI have high internal energy at the time of ionization, the PSD from the chlorinated ions accompanying the deprotonation process follows a prompt reaction path. On the other hand, the ESI-CID in a hexapole or ion-trap cell is soft for collisional activation dissociation [29] . If the "hot" analyte molecular ions produced by UV-MALDI are cooled down, the high internal energy is reduced, and the analyte molecule ion can return to the ground state.
A hybrid method for combining a UV-MALDI ionsource with ion-trap/TOF MS has been developed [18, 30] . In this instrument, the ions from the UV-MALDI ion-source are trapped and undergo collisional cooling in the trap-cell. After that, the stable molecular ions are selected as precursor ions and can be activated by energy collisional activation. So, the energetic effects of UV-MALDI on the "hot" and excited analyte molecular ions could be controlled or canceled in this UV-MALDI iontrap/TOF MS instrument. When the PSD spectra are compared with the product ion spectra of ion-trap/TOF MS from the chlorinated precursor ions, the spectral differences can be attributed to the characteristic features of UV-MALDI PSD.
Conclusions
The PSD spectra of neutral oligosaccharides of UV-MALDI TOFMS acquired by negative-ion mode differ from the corresponding product ion spectra of ion-trap/ TOF MS. In our previous study, we found that the PSD spectra are almost the same as the ISD spectra in which the cross-ring cleavage ions from the reducing terminal dominate in negative-ion mode UV-MALDI TOF MS measurements. The ISD ions are rapidly produced during laser irradiation within nanoseconds, and they are similar to the product ions from high-energy CID-MS/MS measurements, so the ISD in UV-MALDI MS proceeds via a prompt path [13, 20] . The spectral similarity of PSD and ISD make it very likely that they have almost the same characteristics. Here, we assume two reaction steps in the PSD process; the first is deprotonation of the molecule from the chlorinated precursor ion [ [15, 31] . It is certain that the deprotonated molecular ions are unstable and they are reactive intermediates in UV-MALDI of lactooligosaccharides. On the other hand, the chlorinated molecular ions can be stable even although they may have sufficient excess internal energy for the PSD process to occur. If the deprotonated molecular ions are produced from these chlorinated molecular ions having excited high internal energy, the deprotonated molecular ions cannot survive and they decompose rapidly in the PSD process, in a similar manner to the ISD process. So, the total PSD of neutral oligosaccharides appears to take place through a prompt reaction path resulting from the decomposition of deprotonated molecular ions [M Ϫ H] Ϫ having excited high internal energy.
After the "hot" chlorinated precursor ions from UV-MALDI are cooled by collisional cooling in the ion-trap cell, the high internal energy is reduced, resulting in precursor ions in the ground state, thought to be similar to that of the ES ionized molecular related ions. In the UV-MALDI ion-trap/TOF instrument, the deprotonated molecular ion [M Ϫ H] Ϫ also loses its high internal energy and is in the ground state, and can survive during several tens of milliseconds [18, 28, 29] . Since C-type fragment ions are produced by the thermal dissociation after energy randomization during milliseconds order, it is reasonable that the C-type fragment ions dominate both in the product ion spectra of UV-MALDI ion-trap/TOF and ESI CID product ion spectra, and that these two methods exhibit similar spectral patterns except for small differences based on ionization methods. 
